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Present-day multimedia strongly relies on re-writable phase-change optical memories. We
have found that Ge,Sh,Tes (GST), the material of choice in DVD-RAM, does not possess
the regular rock-salt structure but that Ge and Sb atoms are displacedfrom the ideal rocksalt
positions. Amorphisation of both GeTe and GST results in a significant shortening of
cova ent bonds and a decrease in the mean-square re ative displacement concomitant with a
drastic change in short-range order. The order-disorder transition in GeTe and GST is
primarily due to aflip of Ge atoms from an octahedral position into a tetrahedrd position
without rupture of strong covalent bonds. It is this nature of the transformation that ensures
large changes in reflectivity, fast disk performance and repestable switching over millions
cycles.

Present-day computers and numerous multimedia applications require faster and denser
memories. The ability of media to be used repeatedly, i.e. to be re-writable, is dso an important
requirement. One of the most promising media for re-writabl e applications is phase-change materials.
The idea to use an amorphous-to-crystalline phase transition for information storage dates back to
the 1960s when S.R. Ovshinsky suggested a memory switch based upon changes in the properties of
amorphous and crystalline phases of multicomponent chalcogenides V. This technology became the
mainstream in optical disc production and in the late 1990s resulted in the commerciaization by
Matsushita of 4.7 GB digitd versatile disc random access memory (DVD-RAM) utilizing Ge,Sh,Tes
(GST) as the recording medium 2. The choice of GST was determined by its fast and stable
performance and large reflectivity changes between the crystalline and amorphous states.

The stable crysta structure of GST is hexagonal ® but the structure of athin laser-crystallized
layer is believed to be different. Based on x-ray diffraction (XRD) measurements, it was argued that
a crystalized GST layer possessed the rocksalt structure with Te atoms occupying sites on one fcc
sublattice with Ge and Sb randomly forming the other fcc sublattice (20% of the sites bang
vacant)*®. A lattice parameter of 6.02 A was reported. The isotropic atomic displacements found via
the fitting process were quite large, 1.2 A% and 3.2 A? for Te, and Ge(Sh) species respectively. The
explicit structure of the amorphous phase has remained unknown and was tacitly assumed to be a
randomized rocksalt structure

In order to devel op better media, a much deegper understanding than presently available of the
loca structure and its transformation is required. An ideal tool to investigate the local structure of a
material and its changes on the atomic scal e independent of the state of the materia (crystaline or
amorphous) is x-ray absorption fine-structure spectroscopy (XAFS)®.

Extended x-ray absorption fine structure (EXAFS) spectroscopy alows one to obtain
information about the local structure around sdected chemical spedes, such as the average
coordination number, the bond lengths, the chemical nature of the neighboring species, as wdl as
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the bond length disorder parameter, or mean-square rel ative displacement (MSRD). Thetechniqueis
sdective to the absorbing atom, which alows one to probe the local structure around different
constituent € ements independently.

X-ray absorption near-edge structure (XANES), which involves multiple scattering,
additionally allows one to probe the locd arrangement of atoms on a scale somewhat beyond the
firg-nearest neighbors, in particular, it is senditive to the mutual arrangement of the neighboring
atoms in space, i.e. includes bond angle information. As XANES features are also a consequence of
transitions from occupied core states to unoccupied conduction-band states, the spectra also contain
information about the density of unoccupied conduction-band states. It should be mentioned that
recent ad\7/)ance£ in theory have made it possible to simulate EXAFS and X ANES spectra with good
accuracy “.

In order to investigate the structure of crystallized GST and its modificati on upon laser-pulse-
induced amorphization, we have measured EXAFS and X ANES spectra at the K-edges of al three
constituent species. Measurements were performed on real-device structures. The details of the
sampl e preparation and mai n results have been reported in a recent Nature Materias publication ©.

The Fourier-transformed (FT) spectra for the Ge and Te edges of GST are shown in Fig. 1.
The spectra measured at the Sb edge did not show any significant variation between the two states
and are not shown here. (It should be noted that the r-space data shown in Fig. 1 are not real space
radial distribution function data but the magnitude of the Fourier transforms (FTs) of the k-space
EXAFS data. The pesk positions in the figure are shifted from the actua interatomic
distances toward lower r because of the photodectron phase shift d(k) in the phase factor of the
EXAFS oscillations.) The data were fitted using the ab-initio multiple scattering code FEFF8 to
simulate the theoretical spectra. A reader interesteed in knowing more about EXAFS isreferred to a
rather compl ete monograph ®.
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Fig. 1. Fourier-transformed EXAFS spectrafor crystallized and laser-amor phized samples
measured at the K-edges of Ge (left) and Te (right).

The results for crystalline GST are summarized be ow. We found two types of bond lengths,
namely shorter and longer bonds that were for Te-Ge: 2.83 + 0.01 A, and 3.2 + 0.3 A and for Te-Sb:
2.91+ 0.01 A and 3.2+ 0.3 A. It should be noted here that the observation of splitting of the bond
lengths into two groups is very similar to the case of GeTe. This similarity is significant becase
GeTeis an end composition along the quasibinary GeTe — Sh,Te; tie lineto which GST beongs and
demonstrates the importance of the GeTe component in the material. The uncertainties for the longer
bonds are rather large. For this reason no definitive conclusions could be drawn about the longer
bonds and in what follows we shdl exclusively concentrate on the shorter bonds. The off-center
location of Ge atoms means that there is a net dipole moment and suggests that GST is a
ferroelectric materia ¥. We also observed a second-nearest-neighbour Te-Te peak at 4.26 A. The
obtained results are in perfect agreement with previous XRD measurements taking the very large
isotropic temperature factor B, into account.
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The above results suggest the following structure modd. The structure is similar to the
rocksalt structure but due to differences in the covaent radii of the constituent species, Ge, and to a
lesser extent Sb, are shifted from ther corresponding fcc sublattice sites giving rise to a system of
shorter bonds and longer bonds. The shorter bonds are more rigid and thus provide a framework for
theloca structure.

We now turn to the amorphous state. Unexpectedly, both the Te-Ge and Te-Sb bonds get
shorter (2.61 A and 2.85 A, respectively) and stronger as evidenced by Fig. 1 (the pesk in the
amorphous phase is narrower and located at smdler distances). At the same time, the Te second-
ne ghbor peak becomes considerably weaker but does not disappear completdy. The MSRD value
decreases from 0.02 A? in the crystaline state to 0.008 A? in the amorphous state.

To get further insight into the structure of the amorphous phase, we aso performed XANES
simulations and found that the best agreement with experiment was obtained when Ge was dlowed
to acquireits preferred tetrahedra surrounding in the amorphous phase ®.

This structural transformation is illustrated in Fig. 2 where a Ge atom is shown within the fcc
structure formed by Te atoms. The Ge atoms occupy octahedral and tetrahedral symmetry positions
in the crystalline and amorphous states, respectively. The stronger covalent bonds are shown with
thicker lines than the weaker bonds (left). An intense laser pulse induces preferential rupture of the
weaker bonds and the Ge atom flips into the tetrahedral position (right). Notice, that the three
covaent bonds remain intact. This conservation of the system of stronger covalent bonds is crucid:
the materia is not molten in a conventional sense.
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Fig. 2. Fragments of the local structure of GeTe/GST around Ge atoms in the crystalline

(left) and amorphous (right) states. Upon heeting the sample by a short intense pulse (above

the melting point, Tr,) and subsequent quenching, the Ge atom flips from the octahedral to

tetrahedral-symmetry position. Notice that the stronger covalent bonds remain intact upon

the umbrellaflip structura transformation rendering the Ge sublattice random. Exposure to

light that heats the sample above the glass - transition temperature (Ty) — but below
T — reverses the structure,

Sh-edge XANES does not exhibit any significant changes upon amorphization (except for the
Sb-Te bond shortening) implying that the local arrangement of atoms around Sb remai ns essentialy
unchanged in accordance with the above modd. We believe that the Sb atoms mainly play the role
of enhancing overall stahility of the metastable crystal structure by participating in the over-al
e ectron balance.

It iswdl known that lone-pair e ectrons subtended at chal cogen atoms plays a crucial role in
loca changes in the coordination number during reversible photostructural changes in S- and Se-
based glasses and we believe that lone-pair € ectrons subtended at Te atoms may aso play arolein
the change of the bonding configuration discussed above.
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Table 1. GeTe bond lengths determined from EXAFS anaysis for the crystaline and
amorphous states of various GeTe — Sh,Te; quasibinaries. It should be noted that the bond
lengths for the crystaline state agree well with XRD data (taking the very large B, va ues

into account).
Material Ge-Tebond length, A
Lattice
parameter, A
Crystal Amorphous
GeTe 5.99 2.80+0.01 2.60+0.01
3.13+0.01
GeSh,Te 6.02 2.83+0.01 2.61+0.01
3.15+ 0.08

We expect that the nature of the structural transformation discussed above — namely the
switching of Ge atoms between octahedra and tetrahedral symmetry positions - is likdy to be
common for other phase-change media. In particular, very simialar changes in the Ge-Te bond
length in the binary GeTe has al se been observed (Table 1) ***.
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